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Rate  coefficients  have  been  measured  at  temperatures  In  the  range  300-1100  K  for 
three  lon-molccule  reaction  systems,  0  +  NO  and  CO,  and  *  CH^.  These  results 

are  compared  with  previous  studies  of  temperature  and  translational  energy 
dependences  of  Ion-molecule  reaction  rate  coefficients.  Problems  relating  to 
operation  of  a  flowing  afterglow  apparatus  of  high  temperatures  are  discussed. 
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Abstract 

Ritf  siiHrkimtt  hiAf  hern  mcAiuraJ  trmprrstarrv  la  tW  ra&fr 

f.>r  (hrrr  mad  moimilr  fcMiton  nurmi.  (>  •  Sll  stkd  lO  sad 

o*  «  (  Ihoc  reuilti  irr  compared  eith  prr^vMift  ttedm  trm 
prrAturr  and  irarUatioful  rtirrp  dcpcftdnwn  of  wwi-moieCTik  veactice 
rate  yorffnimu  Prc'blrmt  rrUtui|  to  oprratioe  of  a  Aovtsf  thn$k^ 
appaiatuA  at  ht^h  trmprratwret  art  ^tctmrd 

I.  lairodvcthNi 

We  have  begun  a  study  of  ion  molecule  reactions  at  trm 
peraiures  unprecedented  for  ionic  interactions  Out  initial 
viork  has  been  in  the  range  300  I300K.  but  the  apparatus 
IS  designed  for  temperatures  up  to  2000  K  Our  immediate 
motivation  is  to  provide  data  and  guidanoe  for  persons 
modeling  high  temperature  plasmas  ic  g^  around  vchicics  in 
hypersonic  flight I.  but  it  is  clear  that  many  interesting  ques¬ 
tions  arise  at  high  temperatures  new  reaction  channels  may 
become  activated  and  esoterKa  such  as  “entropy -dnven" 
reactions  [  I  ]  hecoriK  more  accessible  for  study  Further,  the 
apparatus  may.  in  pnnaple,  be  employed  for  measumnenls 
on  electron  attachment,  electron- ton  recombnution.  and 
ion-  on  recombination  In  this  article  we  will  present  results 
on  ion- molecule  reactions  studied  thus  far  and  will  desenbe 
some  of  the  problems  encountered  working  at  high  icm- 
peraiures 

A  typical  varuMc-lemperature  flouring  aherglow  or 
selected  ton  flow  lube  (SIFll  apparatus  can  operate  at  tem¬ 
peratures  as  high  as  550-600  K  using  straightforward  lech- 
niqucv  limited  by  Ihe  type  of  materials  and  healers  used.  In 
the  early  1970s.  Lindinger  et  al.  [2]  modified  a  flowing  after¬ 
glow  apparatus  at  the  National  Oceanic  and  Atmospheric 
Administration  (NOAAI  laboratories  to  permit  operation  as 
high  as  900  K.  The  NOAA  group  reported  results  for  nine 
posilivc-ion  reactions  using  this  apparatus  [21-  Reactkms 
which  were  fast  (collisional)  al  300  K  unerc  found  to  be  tem¬ 
perature  independent  within  esperimental  uncertainty 
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Reactions  which  were  slow  at  tOOh  were  seen  it*  dccrcavi 
with  increasing  temperature  but  in  luo  cases  a  vhail(< 
minimum  wa«  obiened  lor  tf  .  V  at  stOK  and  l> 
t'O.*  •  O;  at  about  'WK  iTbc  increatr  in  the  rate  coef! 
cient  at  lemprraiures  abose  ibr  mmimum  it  usualh  aitn’ 
uied  to  a  new  mechaimm  such  as  insotvemen* 
vibrational  cscnatKUS.  but  quantitative  etplanationv  are  le^ 

( 2)  I  For  most  of  the  tractions  studied  bv  the  NOAA  grou; 
dau  also  esisted  ftom  other  flow-drift  tube  espeniaents 
Generally  speaking,  the  tcmperalute  varsation  of  the  rrac 
lion  rate  coefficsents  ratmicked  rrsuiis  from  flow -drift  tube 
dau  on  the  kmctic  energy  dependence  of  reaction  rates 
That  IS.  for  (hose  cases  where  a  comparison  wav  possiNe 
the  reactioa  was  apparently  dnven  by  transUnonal  enrtgv 
and  not  subsuntuMy  by  molecular  inicmal  energy 

On  the  other  hand  it  is  known  that  mans  reactions  are 
strongly  dependent  upon  inierrul  rtatation  [3.  4]  Of 
primary  mtemt  to  us  are  the  effects  of  rouiional  and  vibra 
tional  ciaUtion  [4.  5) 

In  the  late  1970s.  Chen  rt  af  [h]  constructed  a  sutic  drift 
tube  man  spectrorocter  capable  of  operation  al  I500K 
Results  were  reported  on  the  reacti''  .•  of  O*  with  O,  for 
temperatures  of  .XIO-TOOK.  and  on  O*  urnh  N.  for  tem¬ 
peratures  of  .300-900K  The  dau  of  Chen  er  of.  agreed  quite 
wdl  with  those  from  the  flow-drift  lube  [2]  and  eilabiied 
consnlcraHy  ten  scatter  than  found  in  the  flow-drdt  work 

We  now  have  kmettes  dau  on  a  nuratwr  of  posiiivc  and 
negative  lon-moleculc  reactiom  at  tanprraiuies  up  to 
1300  K.  though  the  dau  reported  here  ntend  only  to 
HOOK  Our  initial  work  has  been  focused  on  rcacunts 
which  should  be  tbcmully  suMe  leg.  COk  hut  sie  have  also 
looked  at  cases  where  decomposition  of  the  reactant  may  be 
oocurtmg.  probaMy  via  surfam  reaettons  in  the  inlet  bnc 

2.  Eigirtmimaldetafc 

The  higli*lcmpcralufc  Wciwint  afterglow  (HTFA)  at  Phillips 
Laboratory  utilira  a  l-m  long  staialen  slari  flow  tube  for 
urort  up  to  HOOK-  The  appantm  is  ihosm  m  Fig.  I.  The 
flow  taba  is  tightly  wrapped  arftli  cmaawiPrial  heating  upas 
[7]  and  ihcoafo  insalatfon.  The  hcatfog  tapaa  eaa  pro»ide 
4kW  of  pesmr,  and  hast  been  roatiaely  opataiad  tesaral 
haadiad  degraae  about  their  rated  iMRpmtaia.  CRica* 
latfoae  thoa  that  the  hdiani  baflkr  iM  imbh  hMo  iharaMJ 
aqaiUbriam  adih  the  walls  of  the  flow  taba  aflthta  a  diilRnw 
of  20tm  The  pa  wnprataw  it  RMaenrod  aMi  two  that* 
BiffffMiplw  lotiitd  taiidi  Ikt  flow  toko  oloo|  tte  fooctioo 
iMflliu  TImi  ofo  oImi  OMd  01  olocifodot  fbtr 

eiliKiiag  thae-of4H|*u  Ruaiariwm.  Tbc  tnxmin  and  of 
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■V  HIM  1*  «jitT  tsw  jfxl  Thr  di'«mirrun  end  u 
['xrtrd  »  thin  iUin>e««  itccl  tMuum  •sit  Ihsi  i*  •strt 
.  H'lcd  1!  lU  tin umfcrtnte  The  »on  tamplinii  (hamber 
niaininpt  Imiei  msit  ipeviromrter  and  ion  drieclorl  h 
.1  <uNc» ailed,  mith  the  inner  charahrr  •alet  cooled 

lom  are  created  in  the  hret  lOcrn  o<  the  fkna  luhe  In 
cteciron  S>fnbafdfnen]  of  the  fart  flomtnft  hrlioin  Nifler 
Vnifce  (at  mat  he  added  uptlream  or  downttream  cd  the 
clectfon  homhardment  /t»ne  Keactant  tapof  n  added  at  the 
t'rpnnini  of  a  h'em  reaction  lenjth  \  Ihennal  etpanuon 
.  rrrction  it  made  to  the  reaction  length,  hut  aroonnu  to 
■  >nlt  <'‘»'c-n  («f  I  at  I200K  Reaction  rate  coeflicienit 
•ere  determined  from  eaponential  atteniution  of  the 
pnmart  ion  intmult  at  the  reactant  conomtratKtn  wat 
irKreated  Oiailt  on  the  operation  of  a  flowing  afterglow 
apparaiut  hate  heen  given  h\  f  erguton  rt  al  [8] 

We  hate  nKountered  three  proMemt  The  first,  a  predict- 
aNe  ptoNem.  it  lot*  of  primary  loni  due  to  diffuston  The 
JiflutMtn  rate  It  ’i  increaiet  with  temperature  according  to 
a  power-law  dependence  between  T  and  depending  on 
the  lonK  conttituency  of  the  platina.  (or  a  constant  pretaure 
I  p  to  I  WOK.  howeter.  we  have  been  able  to  overcotne  the 
diffusion  dilemma  with  modest  increases  in  the  buffer  gas 
flow  rate  ifor  a  pressure  of  typically  1  3torr  at  ITOOKI.  Alto, 
(he  carnet  gat  veloaiy  increases  with  temperature,  and  the 
thoner  reaction  lune  lesaent  the  effect  of  diffusion 
A  second  problem  n  thermionK  emission  of  alkali  metal 
ions  from  the  ion  sampling  aperture  plate  (made  of 
molybdenumL  which  becomes  especully  intense  above 
lonOK  and  precludes  work  with  lofu  of  certain  masses 
above  1000  K  We  replaced  the  molybdenuni  plate  with  a 
tiainlest  steel  one.  which  reduced  the  thermionic  emission 
bv  a  decade,  but  the  alkali  metal  kni  currents  are  still  more 
intense  than  any  other  kmi  current  we  detect.  Redesign  of 
the  electroftatic  lenses  (to  snrw  Icm  of  the  area  of  the  aper* 
lure  plalci  nuy  miiigale  ihtt  problem  The  hot  flow  tube 
Itself  presumaMy  cmHs  alkali  metal  ions,  but  there  is  no 
drawoui  potential  as  m  the  case  of  the  aperture  plate.  A 
Langmuir  probe  inside  the  I200>K  flow  tube  indicated  low 
plasnia  density  (an  upper  limit  of  10* cm'*)  in  abteoot  of 
electron  hombardmenL  We  hasw  detected  F  iom  due  to 
>iir(ace<atalyiiad  disaociativc  attachment  to  SF«.  and  sre 
espect  that  surface  kmieation  may  haoomc  a  serious  oha* 
lacic  to  nrork  al  still  higher  tcmperalHrct. 

A  final  problem  is  thermal  decomposition  of  rcactaaf  gat. 
Ihc  apparent  rate  cneflkienis  ft»  reaction  of  O  sHth  NH» 


and  N,()  showed  rcasotabic  behavun  nhai  u.  a  slow 
decline  in  agreement  with  flow-dnfl  results  [9J  up  to  "’'OK, 
but  decreased  prtaptiousis  at  highet  temperatures  The 
data  suggest  that  the  rcaciani  gas  was  being  converted  into 
a  non-ieactive  species  Theic  temperatures  are  low  enough 
that  the  decompontion  must  be  taking  place  on  surfaces 
mosi  plaunMy  in  the  .^•inin  id  reactant  gas  inlet  tube 
The  inlet  tube  is  stainless  steel  and  runs  for  .Wcm  along 
the  hot  portion  of  the  flow  tube  The  first  data  sve  obtained 
with  the  HTFA  svert  for  the  funslamental  nucIcophilK 
dispUccmcnt  reactiom  Cl  <-  CH.Br  Br  *  CH,C1  and 
n  *  CH,I  “•  1  -»  CH,0.  where  we  observed  rapid  nics 

in  the  apparent  rate  cocflkienls  with  temperatures  above 
'WOK  Etciieroeni  over  these  results  was  quenched  by  a 
report  from  Pearl  and  Burrow  [10]  that  a  hot  l>500Kl 
ttainlets-sieel  fecdline  catalvK*..  the  formation  of  HC1  from 
decomposition  of  CH)C1  gas  passing  through  it. 

.3.  Rcanhs 

Data  for  the  assoaative  detachment  reactions. 

O  -CO-CO,  ^e.  A/f*  -4leV.  (I) 

O  -NO-NO, +e.  AH--1.7eV.  (2) 

are  compared  in  Fig.  2  with  data  obtained  at  temperatures 
in  the  range  SS-47SK  in  selected  ion  flow  tube  (SIFT) 
expertinents  in  this  laboratory  [I  I,  I2],  and  with  rate  coeffi¬ 
cients  obtained  as  a  function  of  translational  energy  al 
300  K  using  a  flow-driff  tube  (FDT)  apparatus  at  the  NOAA 
laboratories  [1 3].  The  abscisu  in  Fig.  2  is  given  as  oenter- 
of-mass  kinetic  energy  {ikT/2)  instead  of  temperature,  for 
ease  in  comparison  with  the  NOAA  FDT  data.  Compari¬ 
sons  and  references  to  earlier  data  sets  are  given  in  Ref. 
[13].  The  enthalpies  given  writh  reactions  (I)  and  (2)  were 
calculated  from  thermochentical  data  in  Ref.  [14],  The  cal¬ 
culated  collisional  rale  ooeffiefenu  for  reactions  (I)  and  (2) 
arc  1.06  *  10”*  and  9.98  u  I0‘'®cm*s’'  respectively,  al 
300  K.  The  calculalkMis  were  carried  out  using  the  method 
of  Su  and  Chesnavich  [15]  with  polariabilitics  and  dipole 
momenu  from  RcC  [14].  Since  CO  and  NO  poeaeas  small 
dipole  moments,  them  is  a  weak  decline  in  tbm  colliaional 
rate  cocflkfentt  with  temperature  (2-3H  lower  al  1200  KX 
A  qualilaUvc  explanation  for  tte  dain  of  Fig.  2  has  bean 
given  in  Ref.  [13],  based  on  resonances  obeerved  in  electron 
scattering  from  COj  and  NOj .  Tlie  reaction  aflldcndas  are 
apparently  trialed  to  the  fraetkm  of  potential  curves  for 
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he  f  R«if  cotflksnu  lot  rtactioe  O,'  with  CH,  llw  ptorat  HTKA 
diU  cooCTfioad  to  Ibtroul  tatrpt*  The  Sirt  and  IDT  dau  correapoad 
to  a  taapt  c4  iraasialMmal  ennpea  a:  :bc  bud  tnnpnatym  ndicated  ic 
tha  Itfrad .  tht  W>««at-«atrf>  point  of  racb  «m«  it  a  true  tbttmal  daivn 


NO  O  or  (.'0-0  (ha(  arr  attractive  rather  than  repul- 
Mic  The  decreave  in  the  rale  coeflicientt  with  temperature 
lor  kinciK  energyl  is  atinbuled  to  the  thonening  of  the  col- 
liMon  compici  lifetime  »ith  energy.  The  preaeni  HTFA  data 
(pure  temperature  varulion)  follow  the  trend  let  by  the 
NOAA  FDT  data  Itranslalional  energy)  well,  indicaling  that 
the  relative  tranilalional  energy  it  the  relevant  parameter 
sontrolltng  the  associative  detachment  reaction.  At  tem¬ 
peratures  around  lOOOK  the  present  rale  coefficients  tend  to 
be  lower  than  the  NOAA  data,  especiallyjor  O'  NO 
Hecause  of  the  scatter  in  the  present  data,  it  it  uol  possible 
to  be  certain  of  a  departure  in  the  two  data  sets  at  high 
temperatures,  results  at  still  higher  temperatures  are 
required  The  vibrational  fundamentals  of  CO  and  NO  are 
cicited  at  only  the  4 -I",,  level  at  the  highest  temperature 
reached  in  those  experiments. 

Rale  coefTicienls  for  the  reaction 

o;  +  CH.  CH,OOH  *  +  H  (3) 

arc  shown  in  Fig.  3.  compared  with  SIFT  and  FDT  results. 
Reaction  (3)  is  one  of  (he  best  studied  ion-molecule  reac¬ 
tions  [I6-I8].  Earlier  research  on  this  reaction  is  discussed 
in  Refs  ri6-I8].  The  isomeric  form  of  the  product  ion  was 
identified  by  Van  Doren  et  of.  [I6].  Barlow  rr  of.  [I7] 
reacted  Oj  with  deuterated  methanes  to  gain  infonnation 
on  the  mechanism  of  the  insertion  reaction  (3).  Viggiano  er 
al.  [1 8]  found  that  excitation  of  low  frequency  vibrations  in 
CH4  enhances  (he  efficiency  of  reaction  (3)  by  a  factor  of  17. 
The  comparison  shown  in  Fig.  3  on  the  temperature  depen¬ 
dence  and  the  translational  energy  dependence  of  rate  coefii- 
cienu  for  this  reaction  is  rather  striking  and  reinforces  the 
conclusions  of  Viggiano  et  al.  [18].  At  temperatures  (400  K 
or  0.05  eV)  where  CH4  vibrations  begin  to  be  significantly 
excited,  the  temperature  dependence  of  (he  reaction  rate 
coefficient  alters  course  dramatically  compared  with  the 
trend  observed  with  increasing  (ranslatiotial  energy.  Pre¬ 
sumably,  the  C-H  vibration  facilitates  insertion  of  Oj  into 
aC-Hbond. 

We  have  also  obtained  rate  coefficients  for  the  reaction 
O  -t-CH^-OH*  +CH 
nfiiee  Sertfte  TSS 


over  the  temperature  range  300  I.VIOK.  but  we  are  report¬ 
ing  these  data  separately  because  eur  study  of  reaction  |4| 
was  integrated  with  a  detailed  theoretical  analysis  [19] 

4.  CancMiag  rasmrks 

In  their  pioneenng  work  on  ton-molecule  reactions  at  high 
temperatures.  Lindinger  er  al.  [2]  noted  that  900  K  seemed 
‘to  be  about  the  practical  limit  for  a  flowing  afterglow 
system.**  Ferguson  [20]  also  noted  This  was  painfully 
laborious.  The  materials  problems  al  900  K  are  horrendous, 
and  the  measured  rate  constants  at  900  K  had  much  larger 
uncertainties  than  the  room  temperature  (neasurements.** 

We  have  constructed  a  flowing  afterglow  apparatus 
capable  of  operation  at  temperatures  in  the  range  300- 
1300K  at  present.  The  apparatus  is  being  developed  in  three 
stages.  The  next  stage  will  utilize  a  ceramic  flow  tube  and 
commercial  ‘clairuheH**  heating  elements  rated  at  1600  K. 
The  final  suge  will  likewise  make  use  of  a  ceramic  flow 
tube,  but  with  a  commercial  furnace  rated  at  2000  K.  It  is 
quite  possible  that  at  some  point  in  this  development 
program,  we  will  find  that  thermionic  emission  and/or 
surface  ionization  or  surface-catalyzed  decomposition  of 
reactants  will  prevent  us  from  making  measurements  of  rate 
coefficients  for  ion-molecule  reactions  above  a  certain  tem¬ 
perature.  The  present  work  shows  that  any  limitation  lies 
above  HOOK. 

We  have  given  here  results  for  0~  -I-  CX>  and  0~  -f  NO 
for  temperatures  300-1 100  K,  and  for  Oj  -f  CH4  for  300- 
975  K.  For  the  two  0~  reactions,  the  temperature  depen¬ 
dence  of  the  rate  coefficients  wu  the  same  as  the 
translational  energy  dependence,  with  some  departure  pos¬ 
sible  at  1000  K.  For  the  Oj  •)•  Of4  reaction,  a  comparison 
of  the  temperature  dependence  and  translational  energy 
dependence  of  the  rate  coefficients  provides  additional  [18] 
evidence  that  CH4  vibrations  play  a  significant  role  in  fhcili* 
uting  Oj  insertion  into  a  C^H  bond  of  methane. 

In  order  not  to  be  confined  to  using  highly  stable  gases 
(e.g  Nj),  we  plan  to  experiment  with  a  quartz  reactant  inlet 
and  a  cooled  inlet  at  some  point  in  the  fiiture.  In  addition,  a 
(4)  residual  gas  analyzer  has  been  installed  just  beyond  the  ion 


Ion-Molecule  Reactions  at  Very  High  Temperatures  87 


sampling  aperiure  plate,  but  only  demonstration  mass 
spectra  have  been  obtained  thus  far. 

One  hnai  remark:  we  believe  that  the  scatter  in  the  data 
presented  here  i^  not  inherent  to  the  method.  The  scatter  is 
mostly  related  to  the  problem  of  “curvature"  in  the  semi- 
logarithmic  decay  plot  of  the  reactant  ion  current,  with  a 
number  of  possible  explanations  relating  to  (a)  metastable 
helium  produced  in  the  ion  source,  (b)  free  electrons  in  the 
interaction  zone,  (c)  incomplete  production  of  the  primary 
ion  in  the  region  of  the  flow  tube  ahead  of  the  neutral  reac¬ 
tant  inlet,  (d)  a  change  in  the  diffusion  rate  in  the  plasma  in 
the  interaction  zone,  and  (e)  secondary  reactions  which 
regenerate  the  primary  ion. 

A  c  k  now  led  gemeats 

Wr  ttuh  to  ihank  Frnl  Dak.  who  did  moil  of  the  onginal  deitgn  and 
.■moructHW  work  on  the  ttTFA  apparalui.  and  John  Williamion  and 
I'aul  Mundii.  who  haie  been  mponiibk  for  modificalioni  to  the  appar- 
«tu\  in  thf  p4ii  %ea(t 
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